ABSTRACT. This study assesses the economic and environmental impacts that have arisen from the adoption and use of genetically modified (GM) herbicide tolerant (HT) and insect resistant (IR) soybeans in South America in the five years since first planted in 2013/14. A total of 73.6 million hectares have been planted to soybeans containing these traits since 2013/14, with farmers benefiting from an increase in income of $7.64 billion. For every extra $1 spent on this seed relative to conventional seed, farmers have gained an additional $3.88 in extra income. These income gains have arisen from a combination of higher yields (+ 9.2% across the four countries using the technology) and lower costs of weed and pest control. The seed technology has reduced pesticide spraying by 10.44 million kg (−15.1%) and, as a result, decreased the environmental impact associated with herbicide and insecticide use on these crops (as measured by the indicator, the Environmental Impact Quotient (EIQ)) by 30.6%. The technology has also facilitated important cuts in fuel use and tillage changes, resulting in a significant reduction in the release of greenhouse gas emissions from the GM cropping area. In 2017/18, this was equivalent to removing 3.3 million cars from the roads.
INTRODUCTION
GM crop technology has been widely used in South American agriculture for over 20 years, having been first used in Argentine soybean crops in 1996. Since then, its use has been extended to corn and cotton planted in several countries, including Argentina, Bolivia, Brazil, Colombia, Paraguay and Uruguay. GM soybeans, tolerant to the broadspectrum herbicide, glyphosate that controls both grass and broad-leaved weeds and resistant to specific insect pests of soybeans (velvet-bean caterpillar, soybean looper, bean shoot borer and corn stalk borer), and known as 'Intacta' soybeans have been available to farmers in Argentina, Brazil, Paraguay and Uruguay since the 2013/14 crop year. In the fifth year of widespread commercial adoption (2017-18), soybean crops containing this type of technology were planted on nearly 24 million hectares, accounting for 41% of the total plantings of soybeans in these four countries (Table 1) . This paper presents an assessment of some of the key economic and environmental impacts associated with the adoption of 'Intacta' soybeans in South America. The analysis focuses on:
• Gross farm income effects on costs of production, yield/production and farm income; • Changes in the amount of insecticides and herbicides applied to the GM crops relative to conventionally grown alternatives and; • The contribution of towards reducing global greenhouse gas (GHG) emissions.
The analysis draws on the material presented in the findings of analysis into the global impact of GM crops by the author (Brookes and Barfoot (2017a and ) that covers the three-year period 2013-2015 but has been updated/extended to cover the years 2016 and 2017).
METHODOLOGY
The approach used to estimate the impacts of using Intacta soybeans draws on the farm level and aggregate impacts identified in the global impact studies of Brookes and Barfoot (2017a 1 and 2017b. 2 ) These examined farm level economic impacts on crop yield and production gains associated with improved weed control that glyphosate tolerant crops and better pest control with the IR trait in soybeans. They also examined environmental impacts associated with changes in herbicide and insecticide use and carbon emission savings with Intacta soybeans. The material presented in this paper combines data presented in these papers for the period 2013-2015 but extends the analysis to include the years 2016 and 2017. The methodology used in the global impact of biotech crops covering the 2013-2015 period has been applied to the years 2016 and 2017. Additional information about the assumptions can be found in Appendix 1 
RESULTS

Impacts on farm income and crop production
At the farm level, GM 'Intacta' soybeans have provided farmers with a more cost effective (less expensive) and easier weed control system via the HT trait (tolerance to glyphosate), coupled with higher yields from a combination of better pest control (relative to pest control obtained from conventional insecticide technology) via the IR trait and the positioning of the HT trait in the DNA of the germplasm used. The IR trait has also provided for savings in expenditure on insecticides. The combination of these impacts has increased the incomes of farmers using the technology by $7.64 billion over the five-year period 2013/14-2017/ 18 (in 2017/18 the income gain was $2.43 billion ( Table 2) ).
The largest share of the farm income benefits has occurred in Brazil -80% of total. This is mainly because 75% of total plantings of Intacta soybeans have been in Brazil, where the highest levels of pest incidence occur (notably in the Northern half of the country).
Examining the cost farmers pay for accessing the 'Intacta' seed technology, the average cost over the period 2013/14 to 2017/18 was equal to 26% of the total technology gains (inclusive of farm income gains plus cost of the technology payable to the seed supply chain a ). In terms of investment, over the five years of adoption, this means that for each extra dollar invested in Intacta soybean crop seeds in South America, farmers gained an average $3.88.
The South American farmers who have grown Intacta soybeans commercially have seen an average + 9.2% increase in yields since 2013/14. Based on these yield gains (see appendix 1 for country-specific yield gain information), the 'Intacta' technology has added 20 million tonnes of soybeans to South American production since 2013/14 (Table 3) . Brazil accounted for 78% of this additional production, followed by Argentina and Paraguay which accounted for 12% and 8% respectively. This extra production effectively means that farmers have been able to grow more soybeans without needing to use additional land. To illustrate, if Intacta technology had not been available to farmers in 2017/18, maintaining production levels for this year using conventional technology would have required the planting of an additional 2.2 million hectares of agricultural land to soybeans in South America. This equates to about 3.5% of the total arable land in Brazil.
Impacts on the environmental impact associated with herbicide use and greenhouse gas emissions GM Intacta soybeans traits have contributed to a significant reduction in the environmental impact associated with herbicide and insecticide use on the areas devoted to these crops. Since 2013/14, the use of herbicides and insecticides on the GM crop area was reduced by 10.4 million kg of active ingredient (−15.1% reduction), and the environmental impact associated with herbicide and insecticide use on these crops, as measured by the EIQ indicator, fell by 30.6% (Table 4 ). In terms of active ingredient usage, the fall in total usage is due to the significant decrease in insecticide use, with herbicide use marginally increasing compared to the conventional alternative that would reasonably be expected if conventional soybeans where grown. In relation to the environmental impact associated with both herbicide and insecticide use, as measured by the EIQ indicator, the adoption of GM intacta soybeans has resulted in important environmental improvements, equal to a 10% reduction in the environmental load associated with herbicide use and a 21% cut in relation to the environmental load associated with insecticide use. The positive delivery of environmental benefits from the HT trait, as measured by the EIQ indicator reflects the different environmental profiles of herbicide regimes typically used on conventional and GM HT (Intacta) crops, in which the glyphosatebased herbicide regimes commonly used with 'Intacta' technology are more environmentally benign than the conventional alternative.
Looking at the environmental benefits associated with herbicide and insecticide use changes at the national level, Brazil accounts for 92% of these environmental gains, as measured by the EIQ indicator, followed by Argentina, which accounted for 5% of the EIQ gains.
The scope for impacts on greenhouse gas emissions associated with GM Intacta soybean use comes from two principal sources:
• Fuel savings associated with less frequent herbicide and insecticide applications and reduced energy use in soil cultivation. The fuel savings associated with making fewer Table 5 ). This is equivalent to taking 1.28 million cars off the road for a year; • Benefits associated with the use of 'no-till'
and 'reduced-till' b farming systems. These production systems have increased significantly with the adoption of GM HT crops because the GM HT technology improved farmers' ability to control competing weeds, reducing the need to rely on soil cultivation and seed-bed preparation as means to getting good levels of weed control. As a result, tractor fuel use for tillage has been reduced, soil quality has been enhanced and levels of soil erosion cut. In turn, more carbon has remained in the soil and this has resulted in lower GHG emissions. Based on savings arising from the rapid adoption of no till/reduced tillage farming systems in South America, in which glyphosate use with GM HT crops has played a key facilitating role, and applying this to the area planted to Intacta soybeans (which contain the HT trait, tolerance to glyphosate), the 2017/ 18 carbon sequestration savings associated with this technology and NT agriculture, resulted in 4,759 million kg less carbon dioxide being released into the global atmosphere (Table 6 ). This is equivalent to taking 2.94 million cars off the road for a year (equal to 10% of all registered cars in the UK). Looking at these carbon emission changes at the trait and country level:
• the HT trait provides all of the soil carbon savings (as discussed above, relating to its facilitation of NT production systems) and the majority of the fuel savings. These fuel savings are primarily associated with the switch from ploughing to a NT production system, with no change to the frequency of application of herbicides for weed control; • the IR trait provides carbon emission savings solely from less spraying of insecticides and this accounts for about 22% of the total carbon emission savings associated with fuel use changes; • Brazil accounts for 59% of the permanent carbon emission savings associated with reduced fuel use with Intacta There is also scope for carbon emission savings to arise indirectly from the additional production that has resulted from adoption of Intacta soybeans. As indicated above, the Intacta technology has allowed farmers to grow additional soybeans, equivalent to an area of 2.2 million ha (if conventional soybeans were planted) based on the 2017/18 crop year. This has contributed to reducing the pressure to bring more land into agricultural production and therefore may have contributed to reducing the pressure for further deforestation in South America. Deforestation is a major source of global carbon emissions, with the average rate of carbon dioxide emissions from Amazonian deforestation estimated to be between 301 tonnes/ha and 499 tonnes/ha (Peng Song et al (2015)). 4 Therefore, whilst the adoption of Intacta soybeans has delivered important carbon emission savings (discussed above) from reduced fuel use and additional soil carbon sequestration relative to conventional soybeans, these emission savings are small relative to the possible savings arising from reduced pressure to deforest for additional agricultural land use.
The adoption of Intacta soybeans has also provided other environmental benefits. The facilitation of NT production practices associated with the HT trait has contributed the intangible benefits of improved soil quality and reduced levels of soil erosion increase. It has also resulted in higher levels of soil moisture conservation and less soil temperature fluctuations from the extra insulating properties of crop residues. The reduced spraying of insecticides has also resulted in water usage savings. Over the five years 2013/14 to 2017/18, these have been equal to a saving of over 200 million litres of water (see appendix 1 for assumptions), with 89% of these savings being in Brazil.
Concluding comments
Intacta soybean technology has now been used by many farmers in South America for five years and, in 2017/18, nearly 24 million hectares were planted to seeds containing this technology (equal to 41% of the soybean area in these four countries). This seed technology has helped farmers grow more food and feed (20 million tonnes of additional soybeans 2013/14-2017/18), using fewer resources and therefore contributed to reducing the pressure to bring new land into agriculture. The extra production and reduced costs of production have provided farmers with higher incomes equal to an average of +$104/ha and an average return on investment equal to +$3.88 for each extra $1 spent on 'Intacta' seed relative to conventional seed. The additional farm income from growing Intacta soybeans has boosted farm household incomes and so provided an economic boost to the rural and national economies in each of the four countries. It has also contributed to a more reliable and secure food and feed supply base.
The more efficient use of herbicides and insecticides has reduced their environmental impact, and helped farmers adopt and maintain the more sustainable practices of reduced and no tillage. This has lowered fossil fuel use and facilitated more carbon being retained in the soil so that the carbon footprint of agriculture has been reduced.
Overall, the impact evidence from the first five years of adoption of Intacta soybeans points to a positive contribution towards addressing the food and environmental challenges facing each of the four countries of South America.
NOTES
[a] The cost of the technology accrues to the seed supply chain including sellers of seed to farmers, seed multipliers, plant breeders, distributors and the GM technology providers.
[b] No-till farming means that ground is hardly disturbed at planting (not ploughed), while reduced tillage means that ground is disturbed less than it would be with traditional tillage systems. For example, under a no-till farming system, soybean seeds are planted through the organic material that is left over from a previous crop such as corn, cotton or wheat.
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STATISTICAL SOURCES
Kleffmann and AMIS Global are subscription-based data sources (derived from farm surveys) on pesticide use AAPRESID -the Asociacion Argentina de Productores en Siembra Directa
International Service for the Acquisition of Agri-biotech Applications (ISAAA)
The Argentine crop biotechnology company trade association (Argenbio)
References to Monsanto (Argentina, Brazil, Paraguay and Uruguay) -this is unpublished data kindly provided to the author 1. The area on which insecticide use changes are calculated in each country is constrained to the lower of the area planted to Intacta soybeans or the maximum area traditional treated with insecticides for control of the pests that Intacta soybeans provides control. For Brazil and Paraguay, the maximum area treated is assumed to be 30% of the total crop and in Argentina and Paraguay, it is 40% of the total crop 2. The insecticide savings relate only to savings associated with treatments that targeted the pests that the Intacta technology controls and do not relate to total insecticide use. This is deliberate because total insecticide use includes use of insecticides applied for control of pests that the Intacta technology does not target. Use of insecticides for this purpose will vary on a yearly basis according to pest pressures. The baseline assumptions for what insecticides are used for control of pests now controlled by Intacta technology, their typical usage levels and frequency of application are based on Kleffmann data from the immediate years before Intacta was commercially available and field-based experience of Monsanto in-country staff Estimated typical herbicide regimes for GM HT reduced/no till and conventional reduced/ no till soybean production systems that will provide an equal level of weed control to the GM HT system in Argentina 2016 Estimated typical herbicide regimes for GM HT reduced/no till and conventional reduced/ no till soybean production systems that will provide an equal level of weed control to the GM HT system in Brazil 2016
Reduction in fuel use from less frequent insecticide applications and a reduction in the energy use in soil cultivation For insecticide applications, the quantity of energy required to apply the insecticide is based on use of a 50-foot boom sprayer which consumes approximately 0.84 litres/ha (Lazarus 2015) . 5 In terms of carbon emissions, each litre of tractor diesel consumed contributes an estimated 2.67 kg of carbon dioxide into the atmosphere (so 1 less application reduces carbon dioxide emissions by 2.24 kg/ha).
In relation to tillage, it is assumed that the adoption of NT farming systems in soybean production reduces cultivation and seedbed preparation fuel usage by 27.12 litres/ha compared with traditional conventional tillage (CT). These are conservative estimates and are in line with the USDA Fuel Estimator (2013) 6 for soybeans. The adoption of an NT system in respect of fuel use 
